ABSTRACT: Effects of monensin (MON) and S on in vitro fermentation and H 2 S production were evaluated in 2 experiments. In Exp. 1, 2 ruminally cannulated steers were adapted (>14 d) to a 75% concentrate diet [steam-flaked corn (SFC)-based], and ruminal fluid was collected approximately 4 h after feeding. Substrate composed (DM basis) of 85.2% SFC, 9% alfalfa hay, 5% cottonseed meal, and 0.8% urea was added with ruminal fluid and buffer to sealed 125-mL serum bottles to allow for gas collection. A Na 2 SO 4 solution was added to yield S equivalent to 0.2, 0.4, and 0.8% of substrate DM, and MON was included at 0, 2, 4, and 6 mg/L of culture volume. Bottle head-space gas was analyzed for H 2 S. No MON (P = 0.29) or MON × S interaction (P = 0.41) effects were detected for H 2 S production. Increasing S linearly increased (P < 0.01) H 2 S production (µmoles/g of fermented DM). The IVDMD (average 70.0%) was not affected by MON (P = 0.93), S (P = 0.18), or the MON × S interaction (P = 0.56). Total VFA concentrations were not affected by MON (P = 0.87), S (P = 0.14), or the MON × S interaction (P = 0.86), but increasing MON linearly decreased (P ≤ 0.01) molar proportions of acetate, butyrate, and the acetate:propionate ratio (A:P), and linearly increased (P < 0.01) the proportion of propionate. In Exp. 2, 2 additional ruminally cannulated Jersey steers were adapted (>21 d) to a 75% concentrate diet (SFC base) that contained 15% (DM basis) wet corn distillers grains plus solubles (WDGS) and MON at 22 mg/kg of DM. In vitro substrate DM was composed of 75.4% SFC, 15% WDGS, 9% alfalfa hay, and 0.6% urea, and S and MON concentrations were the same as in Exp. 1. No effects of MON (P = 0.93) or the MON × S interaction (P = 0.99) were noted for H 2 S production; however, increasing S linearly increased (P < 0.01) H 2 S production. No effects of MON (P = 0.16), S (P = 0.43), or the MON × S interaction (P = 0.10) were noted for IVDMD (average 70.9%). Total VFA concentrations were not affected by MON (P = 0.40), S (P = 0.26), or the MON × S interaction (P = 0.59). As in Exp. 1, increasing MON linearly decreased (P < 0.05) molar proportions of acetate, butyrate, and A:P and linearly increased (P < 0.01) propionate. Increasing S concentration increased in vitro H 2 S production, but S did not affect VFA concentrations and proportions. Monensin did not affect in vitro H 2 S production, and changes in VFA molar proportions were evident with MON regardless of S concentration.
INTRODUCTION
Producers often use alternative feed ingredients to decrease input costs and remain profitable. Currently cereal grain coproducts are a feasible replacement for grain, both economically and energetically in feedlot diets (Klopfenstein et al., 2008) . Nonetheless, the S content of distillers grains can be high and variable (Spiehs et al., 2002; Klopfenstein et al., 2008) , increasing the likelihood of S being reduced in the rumen to H 2 S. Eructated H 2 S can be inhaled and absorbed into the blood, potentially resulting in metabolic anoxia and polioencephalomalacia (Gould et al., 1997; Gould, 1998) . The NRC (2005) suggested that 0.30% S in the diet (DM basis) is the maximum tolerable quantity for beef cattle consuming high-concentrate diets, with a value of 0.50% S in the dietary DM for beef cattle consuming high-forage diets.
Monensin (MON) is an ionophore that alters ruminal fermentation by inhibiting hydrogen-and ammonia-producing bacteria, thereby decreasing the acetate:propionate (A:P) ratio and increasing protein availability (Callaway et al., 1997) . Results of previous in vitro research with a high concentration of added S (>1% of DM) and a substrate that contained more fiber than typical beef feedlot diets suggested that MON might increase H 2 S production (Kung et al., 2000) . Because MON is widely used in feedlot cattle production, it is important to evaluate its effects on H 2 S production with substrates and S concentrations typical of those used in feedlots. Thus, we conducted 2 in vitro fermentation studies to determine the effects of added MON and S on in vitro H 2 S production, VFA concentrations and molar proportions, and IVDMD.
MATERIALS AND METHODS
All procedures involving live animals were approved by the Texas Tech University Animal Care and Use Committee.
Experimental Design and Treatments
Both experiments were randomized complete block designs, with replicated in vitro fermentation analyses conducted on 3 separate days, which were considered blocks. The treatment arrangement in both experiments was a 3 × 4 factorial, with 3 concentrations of S (0.2, 0.4, and 0.8% of substrate DM) and 4 concentrations of MON (0, 2, 4, and 6 mg/L of culture volume). By design, the donor steer diets (Table 1 ) differed between the 2 experiments. In Exp. 1, the diet fed to the donor steers did not contain MON or distillers grains, whereas the diet in Exp. 2 included MON at 22 mg/kg of DM and 15% (DM basis) wet corn distillers grains with solubles. Despite the common treatment structure in the 2 experiments, the diets of the donor steers used in each experiment were confounded; thus, no statistical comparisons of treatments were made between the 2 experiments.
Cattle and Ruminal Fluid Collection
Four ruminally cannulated Jersey crossbred steers (258.5 ± 22.4 kg in Exp. 1; 276.1 ± 29.6 kg in Exp. 2) were used as ruminal fluid donors for the 2 experiments. The steers were housed (2/pen) in concrete-floor pens (9.14 m × 9.14 m) and fed once daily (0800 h) to provide an intake that was approximately 2.8 times maintenance in both experiments (7.48 and 7.36 kg of DMI/ steer daily in Exp. 1 and 2, respectively). Steers were fed their basal diet (Table 1) for at least 14 d before the first collection of ruminal fluid.
Substrate Composition and Preparation
Composition of the in vitro substrates for the 2 experiments is shown in Table 2 . The analyzed S content was 0.14 and 0.20% of substrate DM for Exp. 1 and 2, respectively. Total CP concentration differed between the 2 substrates, primarily because of the addition of distillers grains to the substrate in Exp. 2. The individual feed ingredients were ground in a Wiley mill to pass a 2-mm screen and then mixed into each respective substrate before use in the in vitro experiments. Supplement for the Exp. 1 contained (DM basis): 24.493% cottonseed meal; 0.5% Endox (Kemin Industries, Des Moines, IA); 42.105% high-calcium limestone; 1.036% dicalcium phosphate; 8.000% potassium chloride; 3.559% magnesium oxide; 6.667% ammonium sulfate; 12.000% sodium chloride; 0.002% cobalt carbonate; 0.157% copper sulfate; 0.133% iron sulfate; 0.003% ethylenediamine dihydroiodide; 0.267% manganous oxide; 0.100% selenium premix (0.2% Se); 0.845% zinc sulfate; 0.008% vitamin A (1,000,000 IU/g); and 0.126% vitamin E (500 IU/g). Concentrations for nutrient sources in parentheses are expressed on a 90% DM basis.
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Supplement for the Exp. 2 diet contained (DM basis): 67.226% cottonseed meal; 0.5% Endox; 0.648% dicalcium phosphate; 10.000% potassium chloride; 4.167% ammonium sulfate; 15.000% sodium chloride; 0.002% cobalt carbonate; 0.197% copper sulfate; 0.083% iron sulfate; 0.003% ethylenediamine dihydroiodide; 0.333% manganous oxide; 0.125% selenium premix (0.2% Se); 0.986% zinc sulfate; 0.010% vitamin A (1,000,000 IU/g); 0.158% vitamin E (500 IU/g); and 0.563% Rumensin 80 (Elanco Animal Health, Indianapolis, IN). Concentrations for nutrient and feed additive sources in parentheses are expressed on a 90% DM basis. 
In Vitro Incubations
To determine total gas production and H 2 S concentrations in gas, duplicate samples containing approximately 0.63 g (DM basis) of ground substrate were weighed (Mettler AE 160, Mettler-Toledo Inc., Columbus, OH) into 125-mL serum bottles. In Exp. 1, solutions containing 1.67, 7.26, and 18.42% (wt/vol) Na 2 SO 4 were prepared, and 0.1 mL of each solution was added to the serum bottles to achieve the desired final S concentration of 0.2, 0.4, and 0.8% S relative to substrate DM, respectively. In Exp. 2, the substrate diet already contained 0.2% S; thus, no Na 2 SO 4 solution was necessary for the 0.2% S treatment. Solutions containing 5.58 and 16.75% (wt/vol) Na 2 SO 4 (for 0.4 and 0.8% S, respectively) were prepared for Exp. 2, and 0.1 mL of each was added to achieve the desired S concentration. In Exp. 1 and 2, solutions containing 1.02, 2.05, and 3.08 mg/L of MON (monensin sodium; 97.413% monensin acid activity on an as-is basis; Lot No. RS0234; Elanco Animal Health, Greenfield, IN) were prepared in 100% ethanol, and 0.1 mL of each solution was added to the serum bottles to achieve the desired MON concentrations. Concentrations of MON of 0, 2, 4, and 6 mg/L of culture volume were chosen to equate to approximately 0, 11, 22, and 33 mg/kg of the dietary DM, respectively, in an animal consuming 9 kg of DM/d with a ruminal volume of 50 L. Blank samples received an equal quantity of distilled water to account for the water supplied by the Na 2 SO 4 solution and an equal amount of 100% ethanol to account for the ethanol supplied by the MON solution. After the addition of 37.5 mL of McDougall's buffer (McDougall, 1948) , the bottles were placed in an oscillating incubator (Environ-Shaker, Lab-Line Industries, Melrose Park, IL). Bottles remained in the incubator while ruminal fluid was collected. In both experiments, 2 L of ruminal fluid (a composite of equal amounts from each donor steer) was obtained approximately 4 h after feeding, strained through 4 layers of cheesecloth, placed in a sealed thermos, and transported to the laboratory. Within approximately 30 min of sampling, 12.5 mL of strained ruminal fluid was added to each serum bottle to start the incubation period. Serum bottles were then flushed with CO 2 , crimp-sealed with butyl rubber stoppers, and oscillated (125 rpm) at 39°C for 24 h in the Environ-Shaker incubator.
To assess IVDMD, 0.45 g (DM basis) of substrate and the appropriate quantities of MON and Na 2 SO 4 solutions were added to 50-mL polycarbonate centrifuge tubes with rubber stoppers fitted with a 16-gauge needle for gas release and placed in a reciprocal shaking water bath (model 25, Precision, Winchester, VA). The incubation volume for the IVDMD tubes was scaled to 36 mL, maintaining the same McDougall's buffer:ruminal fluid ratio as in the 125-mL sealed bottles used for gas production measurements. Each centrifuge tube received 72 µL of Na 2 SO 4 and MON solutions to achieve the desired S and MON concentrations.
As with the 125-mL bottle incubations, blank tubes received distilled water or ethanol to account for the Na 2 SO 4 and MON solution volumes. Centrifuge tubes were flushed with CO 2 and incubated in the reciprocal shaking water bath at 39°C under constant agitation (70 rpm) for 24 h.
After a 24-h incubation period for the IVDMD tubes and the 125-mL serum bottles used for gas production measurements, fermentation was stopped by placing the tubes and serum bottles in an ice-water bath for 15 min. The IVDMD tubes were then centrifuged at 3,000 × g for 15 min at 4°C. Pepsin solution was prepared by adding 7.92 g of pepsin (1:2,500 pepsin from porcine stomach mucosa; Sigma-Aldrich Inc., St. Louis, MO) and 100 mL of 1 N HCl and diluting to 1 L with distilled water. Approximately 35 mL of pepsin solution were added to each test tube, and tubes were placed in the oscillating incubator (Environ-Shaker; Lab-Line Industries; 125 rpm) at 39°C for 48 h. After the pepsin incubation, samples were then filtered (Whatman No. 541 ashless; Whatman International Ltd., Maidstone, UK), rinsed with water, and dried in a forced-air oven at 100°C for 24 h to determine the residue dry weight. The substrate DM content was determined by drying at 100°C in a forced-air oven for 24 h, and the fraction of IVDMD for each tube was calculated by subtracting the dry residue weight (corrected for the blank) from the dry substrate weight and dividing by the dry weight of substrate.
Gas Production and Hydrogen Sulfide Measurements
Gas production was measured using a water displacement method. A 14-gauge needle connected to a 250-mL inverted buret was used to puncture the butyl-rubber stopper of each 125-mL bottle, and gas production was calculated by measuring the milliliters of water In vitro hydrogen sulfide production displaced. After the pressure was released, a 5-mL gas sample was taken from the headspace of the bottle using a 14-gauge needle connected to a 2-way valve on a syringe. Once the 5-mL sample was taken, the valve was closed, and the needle was removed from the 125-mL serum bottle. The needle was then inserted into an inverted 15-mL evacuated tube (BD Vacutainer, Franklin Lakes, NJ) containing 5 mL of alkaline water [prepared by adding 0.1 N NaOH to deionized water to reach a pH of 8 (AB15 pH Meter, Fisher Scientific Inc., Pittsburgh, PA)], and the valve was opened, allowing the sample to bubble slowly through the alkaline water.
After the gas was bubbled into the evacuated tube, 0.5 mL of N,N-dimethyl-p-phenylenediamine dihydrochloride sulfate reagent was added, followed by 0.5 mL of acidified ferric chloride solution, after which the mixture was allowed to react for 30 min at room temperature. Samples were then read in a spectrophotometer (model DU-50 Spectrophotometer, Beckman Instruments Inc., Fullerton, CA) at 665 nm (AGA, 1965) . Complete details of the H 2 S measurement procedure, including preparation of reagents and standards are provided by Leibovich et al. (2009) . The H 2 S concentration in the 5-mL sample was calculated by linear regression using standards of known H 2 S concentration. This concentration was then multiplied by the milliliters of total gas produced (corrected by subtracting the average of the 2 blank values). The H 2 S produced in 24 h was adjusted for the quantity of fermentable DM incubated (obtained from the IVDMD analysis) to express the total H 2 S produced in micromoles of H 2 S per gram of fermented DM.
VFA Analyses
The contents of each 125-mL serum bottle from the gas production measurements were retained, and 500 µL of a 20% (vol/vol) H 2 SO 4 solution was added to stop fermentation. These samples were frozen and subsequently analyzed by gas chromatography for VFA concentrations (Shimadzu GC-8A, Shimadzu Scientific Instruments Inc., Columbia, MD; Supelco SP-1200, 2 m × 5 mm × 2.6 mm glass column, Supelco/Sigma-Aldrich Inc., Bellefonte, PA). Sample preparation methods and analytical procedures were as described by Goetsch and Galyean (1983) . In vitro VFA data were used for fermentation balance calculations adapted from Wolin (1960) to estimate the quantity of hexose equivalent fermented (moles per 100 moles of VFA produced), as well as methane and carbon dioxide produced (moles per mole of hexose fermented). The calculations were modified to account for hydrogen associated with H 2 S produced during the fermentation.
Statistical Analyses
All statistical analyses were conducted using the MIXED procedure (SAS Inst., Inc., Cary, NC) using serum bottles (for gas and H 2 S production) or tubes (for IVDMD) as the experimental unit. The model for both experiments included the fixed effects of MON, S, and the MON × S interaction and the random effect of block (replicate in time). Orthogonal polynomial contrasts (adjusted for unequal spacing of treatments in the case of S) were used to determine linear and quadratic effects of MON and S on H 2 S concentration, gas production, IVDMD, VFA proportions and total concentration, and fermentation balance calculations. An α level of 0.05 was used to determine significance, with tendencies associated with P-values between 0.05 and 0.10.
RESULTS

Exp. 1
IVDMD, Gas Production, and H 2 S Production. Increasing concentrations of S had no effect on IVDMD and total gas production (P ≥ 0.10), but increasing S linearly increased H 2 S production (P < 0.001; Table 3 ). Monensin had no effect on IVDMD (P = 0.16) or H 2 S production (P = 0.93); however, increasing concentrations of MON linearly decreased (P < 0.001) total gas production. Although not statistically analyzed, equal H 2 S production with decreased gas production implies an increased concentration of H 2 S in the gas of MON-treated cultures.
VFA and Fermentation Balance Calculations. Added S had no effect (P ≥ 0.13) on molar proportions and total concentrations of VFA or the A:P ratio (Table 4) . In contrast to the effects of S, increasing concentrations of MON in the cultures linearly increased (P < 0.001) the molar proportion of propionate and linearly decreasing molar proportions of acetate (P = 0.01), butyrate (P < 0.001), and isovalerate (P = 0.03). There was a linear decrease in A:P ratio (P = 0.002) as MON concentrations increased. Monensin had no effect (P > 0.10) on proportions of isobutyrate, valerate, and total VFA production.
The calculated hexose fermented decreased linearly (P < 0.001) with increasing concentrations of MON, and a linear decrease in calculated CH 4 (P = 0.002) and CO 2 (P < 0.001) per mole of hexose fermented was noted as MON concentration increased. There were no effects of S on estimates of calculated hexose fermented or CH 4 and CO 2 produced (P ≥ 0.61) in Exp. 1.
Exp. 2
IVDMD, Gas Production, and H 2 S Production. Results of Exp. 2 were similar to those in Exp. 1, with no effect of S on IVDMD (P = 0.43) or total gas production (P = 0.39), and a linear increase in H 2 S production (P < 0.001; Table 5 ) as S concentrations increased. Also, as in Exp. 1, added MON had no effect on IVDMD or H 2 S production. In contrast to results of Exp. 1, a tendency for MON × S interaction (P = 0.064) was observed for gas production per unit of fermented DM; however, examination of the interactive means (data not shown) revealed that the principal effect of MON across S concentrations was a linear decrease (P ≤ 0.041) in total gas.
VFA and Fermentation Balance Calculations. As with other measurements, VFA results were similar to those of Exp. 1, with S having no effect (P ≥ 0.11) on molar proportions or total VFA concentrations, but MON linearly increasing (P < 0.001) the molar proportion of propionate. In addition, a linear decrease in molar proportions of acetate (P = 0.003) and butyrate (P = 0.02), as well as a linear decrease in the A:P ratio (P < 0.001), were observed with added MON (Table 6 ). There was a tendency (P = 0.09) for a linear decrease in valerate molar proportion with increasing MON concentrations, but no effects of MON were noted for proportions of isobutyrate or isovalerate.
There was a tendency (P = 0.06) for a decrease in the calculated hexose fermented as MON concentration increased (Table 7) . Increasing MON concentration linearly decreased calculated CH 4 (P < 0.001) and CO 2 (P < 0.001) produced per unit of hexose fermented. Similar to the results of Exp. 1, no effects of S were observed on calculated values of hexose fermented or CH 4 and CO 2 produced (P ≥ 0.37).
DISCUSSION
IVDMD
The lack of effect of MON on IVDMD in Exp. 1 and 2 is consistent with the results of Duff et al. (1994) , who found no effect of MON at 4 mg/L of culture volume on 24-h IVDMD of a 90% concentrate substrate. Similar to the present studies, Duff et al. (1994) reported no interactions between adaptation to ionophores and the IVDMD response to ionophores in vitro. Recent work from our laboratory (Quinn et al., 2009 ) also reported a lack of an effect of MON on IVDMD when MON was included at 5 mg/L of culture volume with substrate S concentrations of 0.17 and 0.42% (DM basis). Surber and Bowman (1998) found no effect of MON (0 vs. 72 µg/g of in vitro substrate DM) on IVDMD of a 70% cracked corn (DM basis) substrate. Van Nevel and Demeyer (1977) reported no effects of MON (5 mg/L) on the quantity of ground concentrate substrate fermented despite decreased total microbial growth in the in vitro cultures. Given that the quantity of fermented substrate was not altered by the addition of MON and yet microbial growth was depressed, Van Nevel and Demeyer (1977) suggested that MON uncouples microbial growth from fermentation. Although we did not measure microbial growth directly, the lack of effect of MON on total VFA might suggest that total microbial growth was unaltered, despite possible changes in specific microbial populations (e.g., inhibition of acetate producers). This observation is consistent with that of Table 3 . Effects of added monensin (MON) and S on IVDMD, gas production, and H Tendency for a MON × S interaction for gas production, P = 0.064. No other MON × S interactions were observed, P ≥ 0.10. Quinn et al. (2009) when 5 mg/L of MON was added to batch culture incubations. The lack of effect of S on IVDMD observed in both experiments in our study is consistent with the findings of Quinn et al. (2009) , who reported no differences in IVDMD when the S concentration in the substrate was 0.17 or 0.42% of DM. Similarly, an in vivo study by Zinn et al. (1997) revealed no effects of dietary S concentrations ranging from 0.15 to 0.25% (DM basis) on ruminal or total tract OM digestibility. Although no direct effects of S on ruminal fermentation (and thus IVDMD) seem apparent from our results, decreased DMI by feedlot cattle has been reported in diets containing more than 0.2% S (Zinn et al., 1997; Uwituze et al., 2009) , which might affect in vivo digestibility. Thus, further studies are needed to assess the relationship between dietary S concentrations and in vivo digestibility.
Gas Production
Total gas production decreased by approximately 6 and 9% in Exp. 1 and 2, respectively, when MON increased from 0 to 6 mg/L. Decreased gas production noted with MON agrees with the findings of Wang et al. (2004) , who reported 12 and 9% decreases in gas production with the inclusion of MON at 2.5 mg/L of in vitro culture volume in high-forage diets (58% barley grain:42% barley silage, DM basis) and highconcentrate diets (93% barley grain:7% barley silage, DM basis), respectively. Similarly, Quinn et al. (2009) noted decreased total gas production with added MON in a steam-flaked corn-based substrate (87.5%, DM basis). Fermentation balance calculations by Quinn et al. (2009) suggested a 17 and 4.7% decrease in CH 4 and CO 2 production, respectively, with the addition of MON at 5 mg/L of culture volume compared with no MON. In the current experiment, there were approximately 13 and 15% decreases in calculated CH 4 production with 0 vs. 6 mg/L of MON added to the in vitro cultures in Exp. 1 and 2, respectively. In addition, calculated CO 2 production in Exp. 1 and 2 was decreased 4 and 3%, respectively, as MON concentration increased from 0 to 6 mg/L. Decreases in calculated CH 4 production with MON in Exp. 1 and 2 agree with previous in vivo findings (Thornton and Owens, 1981; Bergen and Bates, 1984; Johnson and Johnson, 1995) and presumably resulted from the inhibition of H 2 -producing bacteria and increased production of propionate. Nonetheless, Johnson and Johnson (1995) reported that suppression in CH 4 with the addition of ionophores might be shortlived, suggesting that a decrease in DMI may have caused the decrease in CH 4 rather than a direct effect of ionophores on CH 4 production. Although changes in DMI might contribute to a decrease in CH 4 with MON, the bulk of the data in the literature suggests that ionophores have direct effects on CH 4 production and that such effects would likely be consistent throughout the feeding period. Table 6 . Effects of added monensin (MON) and S on in vitro proportions of VFA (mol/100 mol), total VFA concentration (mM), and the acetate:propionate ratio (A:P) using ruminal fluid from ruminally cannulated steers adapted to a steam-flaked corn-based diet with 15% wet corn distillers grains plus solubles (DM In vitro hydrogen sulfide production Fermentation balance calculations in our study yielded a 1.5 and 1% decrease in hexose fermentation in Exp. 1 and 2, respectively, as monensin concentration increased from 0 to 6 mg/L. This observation may seem to be in conflict with the lack of effect of MON on IVDMD; however, IVDMD is a measure of apparent digestion that might not necessarily reflect the quantity of hexose fermented. Wang et al. (2004) reported increased concentrations of reducing sugars in batch culture incubations containing 2.5 mg/L of MON vs. control using a barley-based finishing diet as the incubation substrate. The accumulation of reducing sugars in MON-treated cultures was presumed to have resulted, in part, from decreased utilization of sugars by ruminal bacteria in response to MON inhibition, which was further evidenced by decreased gas production with the addition of MON (Wang et al., 2004) . Decreased use of reducing sugars by ruminal bacteria in response to MON has been described previously (Chow and Russell, 1992; Wampler et al., 1998) . Thus, decreased hexose fermentation would theoretically yield a decrease in total gas and CH 4 produced, as was calculated to be the case in both our experiments.
H 2 S Production
Similar to our results, Kung et al. (2000) and Quinn et al. (2009) reported a linear increase in H 2 S production with increasing amounts of S. In the present study, increasing the S concentration from 0.2 to 0.8% resulted in increased H 2 S production by greater than 470% in both experiments. In contrast to the effects of S, MON did not influence production of H 2 S. Thus, our results do not support the suggestion by Kung et al. (2000) that the indirect inhibition of methanogens by MON might cause competition between methanogens and sulfate-reducing bacteria, leading to increased H 2 S production. It seems likely based on our in vitro results and those of Quinn et al. (2009) that MON neither inhibits nor promotes H 2 S production when included in typical high-grain feedlot diets.
VFA Proportions and Concentrations
With respect to S concentrations, our VFA molar proportion results in Exp. 1 and 2 are similar to the findings of Kung et al. (2000) , who reported no effect of S concentrations of 0.29 and 1.09% (DM basis) on in vitro VFA proportions with a medium-concentrate substrate. In contrast, Zinn et al. (1997) reported decreased ruminal molar proportions of acetate and increased propionate when S concentrations increased from 0.15 to 0.25% of the dietary DM. Although Zinn et al. (1997) offered no explanation as to the mechanisms behind the increased propionate, Thompson et al. (1972) suggested that propionate production might be enhanced in high-S diets through the S-dependent acrylate pathway. This direct reductive pathway involves the production of propionate from lactate through formation Hexose, methane, and carbon dioxide were calculated as described by Wolin (1960) .
2 SE of main-effect means. Within an experiment, for S main effects, n = 12 replicates (2 bottles or tubes averaged per replicate). For MON (Elanco Animal Health, Greenfield, IN) main effects within an experiment, n = 9 replicates (2 bottles or tubes averaged per replicate). of the S-containing intermediate acrylyl-CoA (Russell, 2002) . The production of propionate from lactate via the acrylate pathway is enhanced by the addition of ionophores (Bergen and Bates, 1984) ; however, no indication was given that an ionophore was fed in the Zinn et al. (1997) study. In the present study, neither S nor MON affected total VFA concentration in the 2 experiments, which is similar to the findings of Zinn et al. (1997) and Kung et al. (2000) . Effects of MON on ruminal VFA concentrations have been documented extensively in the literature (Richardson et al., 1976; Fuller and Johnson, 1981) . In our 2 experiments, the increase in the molar proportion of propionate for 0 vs. 6 mg/L of MON was approximately 17%, whereas the A:P ratio decreased by an average of approximately 20%. Duff et al. (1994) observed similar results in a 24-h in vitro incubation of a 90% concentrate diet substrate and MON at 4 mg/L. Likewise, Quinn et al. (2009) observed a decrease in A:P ratio and an increase in the molar proportion of propionate when laidlomycin propionate, lasalocid, or monensin were added to batch culture fermentations in which the substrate S concentration was 0.17% (DM basis). When the substrate S concentration was increased to 0.42% by Quinn et al. (2009) , ionophores did not alter the A:P ratio. Reasons for the differential response to substrate S concentration noted by Quinn et al. (2009) are not readily evident, but they seemed related to a decreased A:P ratio in the control treatment with 0.42% S relative to that with 0.17% S. Our results did not corroborate the findings of Quinn et al. (2009) because MON linearly decreased A:P regardless of S concentration in the substrate. Thus, the typical effects of MON on in vitro ruminal fermentation, most notably increased propionate concentration and decreased A:P ratio, were evident in our study regardless of substrate S concentration.
Overall, in our 2 in vitro experiments, MON did not affect in vitro H 2 S production. Moreover, addition of MON did not interact with addition of S, and the efficacy of MON, particularly in decreasing total gas production, shifting the molar proportion of VFA toward propionate, and decreasing the A:P ratio, was evident in both experiments over the range of S concentrations evaluated. With respect to S concentration, assuming our in vitro results can be extrapolated to in vivo settings, increasing the S concentration in feedlot diets would increase ruminal H 2 S production in a linear manner.
